An exploratory weed survey was carried out on 240 crop ®elds in eastern Ethiopia to assess the in¯uence of some environmental and crop management factors on weed species composition and distribution, and to investigate the association of the recently introduced Parthenium hysterophorus L. with other components of the weed¯ora. A total of 102 weed taxa belonging to 36 plant families were recorded. Asteraceae, Poaceae and Fabaceae were the most abundant families based on the number of species recorded. Digitaria abyssinica (Hochst. Ex A. Rich) Stapf was the most frequent species (63%) and Parthenium hysterophorus the second most frequent (54%). The latter species was ranked as the most important weed by 90% of the farmers in the lowlands while 86% of the farmers in the highlands ranked the former species as the worst weed. According to a partial canonical correspondence analysis (pCCA), altitude, rainfall, month of planting, number of weedings and soil type were the major environmental/crop management factors in¯uencing the species distribution in the study area. The ®rst pCCA axis clearly structured highland and lowland weed species while the second axis distinguished those species that grow on sandy soils. Parthenium hysterophorus has, in a very short time period, emerged as one of the most troublesome weed species in eastern Ethiopia.
Introduction
Weeds are the most underestimated pest in tropical agriculture, but they have in¯uenced human activities more than other crop pests. Although crop yield losses from weeds vary from crop to crop and from region to region, because of various biotic and abiotic factors, it has been estimated that weeds cause a yield loss of about 10% in the less developed countries and 25% in the least developed countries (Akobundu, 1987) . There is no detailed information available about the amount of crop yield losses due to weeds in Ethiopia. Furthermore, the relative (CSA, 1996) and are often grown as intercrops. Groundnut (Arachis hypogaea L.) is also an important cash crop in semi-arid parts of eastern Ethiopia.
Weed survey
A survey of the weed¯ora in major crops in eastern Ethiopia was carried out during the main rainy season from June to September 1998. Two hundred and forty crop ®elds ranging in altitude from 1140 m to 2660 m with an annual rainfall of 400 to over 1000 mm were surveyed. The survey areas based on administrative zones are shown in Fig. 1 .
The ®elds surveyed represented the major agro-ecological zones and were selected as follows. First, a strati®ed sampling method based on altitude was chosen: low altitude (<1600 m), medium altitude (1600±1900 m), high altitude (>1900 m), a classi®cation commonly used in relation to sorghum research in Ethiopia. Second, representative districts within each altitude zone were selected, then representative peasant associations within each district, villages within association, and farmers within villages. Third, ®elds were selected regardless of size, and on the grounds of accessibility (adjacent to road) and whether it carried the required crop or crop combination.
In each ®eld, four to six 4-m 2 quadrats were used following an inverted W pattern (Thomas, 1985) . A preliminary species vs. area analysis suggested this sample size to be appropriate to detect almost all of the weed species in the small ®elds (average farm size is 0.65 ha; CSA, 1996) . Percentage cover (the ground area covered by the vertical projection of above-ground plant parts) was estimated by eye for each of the weed species in each quadrat. Identi®cation in the ®eld was based on weed identi®cation guides (Terry & Michieka, 1987; Stroud & Parker, 1989) . Weed species that were dicult to identify in the ®eld were tagged, pressed and identi®ed in the herbarium of the Alemaya University. Nomenclature follows Flora of Ethiopia and Eritrea, volumes 2, 3, 6 and 7 (Hedberg & Edwards, 1989, 1995; Edwards et al., 1995 Edwards et al., , 1997 . Data on major environmental factors and crop management practices believed to in¯uence the weed¯ora in general and P. hysterophorus in particular in each ®eld were collected by observation (soil type, topography, type of crop), measurement (altitude), interviewing farmers (number of ploughings before planting, month of planting, fertilizer use, number of weeding before the survey date) or from secondary sources (administrative zone, rainfall). Environmental and crop management variables of nominal type (administrative zone, soil type, topography, crop type, fertilizer use) were converted into binary dummy variables that take the value 1 if the ®eld belongs to the category or 0 if it does not. Altitude, number of ploughings, month of planting, number of weedings and rainfall were quantitative variables and hence measured on an interval scale. Survey date was used as a covariable in the data analysis. A summary of the description of the environmental and crop management variables used in this study is given in Table 1 .
Interviews with farmers
Farmers were asked 11 questions on weeds and weed control in general and on P. hysterophorus in particular. Because answers tended to be relatively consistent within each village, only a subset (n 148) of the farmers whose ®elds had been surveyed were interviewed. The answers reported here stem from the following ®ve questions:`List and rank the major weeds you encounter in your ®eld',`Are you aware of P. hysterophorus?',`How and when do you think P. hysterophorus was introduced to this area?',`In which place is P. hysterophorus most problematic: cultivated land, grazing area, forest, or other (specify)?' and`List bene®cial uses of P. hysterophorus (if any) in order of importance'.
Data analyses
The data on weed species were summarized using: (1) frequency ± the number of ®elds in which a species occurred expressed as percentage of the total number of ®elds surveyed; and (2) ®eld uniformity ± the number of sampling quadrats in which a species occurred in a ®eld expressed as percentage of the total number of samples.
An initial detrended correspondence analysis (DCA) was performed on weed species cover (%) data to determine the length of the ®rst DCA axis. Its length (4.5 standard deviations) suggested strong unimodal species responses along the environmental gradients (Ter Braak & Prentice, 1988) , and we therefore decided to use partial canonical correspondence analysis (pCCA), considering dates of the survey as a covariable. A pCCA using percentage cover of P. hysterophorus as the only explanatory variable was also performed to ordinate the distribution of other weed species along the P. hysterophorus cover gradient. Cover values of P. hysterophorus were square-root transformed to dampen the in¯uence of outliers. The CANOCO 4.0 computer software was used for data analyses (Ter Braak & Smilauer, 1998) and default options were used, except that we downweighted rare species to reduce their unduly large in¯uence in both analyses.
Results and discussion

Weed communities
A total of 102 weed taxa belonging to 36 plant families were recorded (Appendix 1). Seedlings and small plants of Rhynchosia, Orobanche and Kohautia could not be identi®ed to the species level. The most important families, based on the number of taxa, were Asteraceae (16), Poaceae (12) and Fabaceae (10). These three families were also the most important in small-scale farming in highland Peru, central Mexico and northern Zambia (A Ê fors, 1994; Becker et al., 1998; Vibrans, 1998) . These families are very species rich so it is not surprising that they contain many weeds. Although annuals were more common (73 taxa) than perennials (27 taxa), four of the ®ve most frequent species were perennials (Appendix 1). PuÈ lschen (1990) recorded 444 species, belonging to 60 plant families, from central Ethiopia. This large number of species came from 12 dierent annual crops assessed, as compared with four in this study. Moreover, the central Ethiopian highlands receive more rainfall and have better potential for crop production than eastern Ethiopia.
About half of the species recorded during the survey are non-native, and it is noteworthy that two of the weeds ranked by farmers as most troublesome (Table 2) were quite recently introduced (P. hysterophorus and Argemone ochroleuca Sweet). Furthermore, Xanthium spinosum L. and Chenopodium opulifolium Schr. were also reported by the farmers to be recent introductions to their areas (unpubl. data from interviews with 148 farmers). Hence, there is reason to be aware of the danger of introduction of new species. One such species, not recorded in the surveyed ®elds but noted at low altitude during this survey, is Verbesina encelioides (Cav.) A. Gray (Asteraceae).
The weed¯ora in crop ®elds of eastern Ethiopia was dominated by rather few species, which is a common phenomenon in intensi®ed farming systems (Phillips, 1992; Salonen, 1993; Weber et al., 1995) . Only 11 species occurred with a frequency ³30%. Digitaria abyssinica (Hochst. Ex A. Rich) Stapf, P. hysterophorus, Cyperus rotundus L., Cynodon dactylon (L.) Pers. and Commelina benghalensis L. had the highest frequencies and ®eld uniformities. The ranking of weed species based on frequency and ®eld uniformity was slightly dierent (Appendix 1). The species that deviated most in ranking, and had the largest uniformity/frequency ratio, was Galinsoga parvi¯ora Cav. Hence, this species was much more uniformly distributed in ®elds than other species.
Weed control measures in maize and sorghum in eastern Ethiopia are usually hand-hoeing or inter-row oxen cultivation. As there is no use of herbicides and only limited use of inorganic fertilizers, agrochemicals exert only a marginal selection pressure on the weed¯ora. In southern Spain, Pujadas Salva & Hernandex Bermejo (1988) found a very diverse¯ora that varied considerably depending on the level of various agricultural inputs. For instance, in non-irrigated Table 2 Percentage of farmers, living at dierent altitudes in east Ethiopia, that ranked a weed species as ®rst, second and third most important in their ®elds. The 2nd and 3rd columns do not add up to 100% because some farmers listed only one weed species Altitude (m above sea level) <1600 (n = 30) 1600±1900 (n = 67) >1900 (n = 51)
low input ®elds of annual crops they recorded 334 species, but found only 79 species in irrigated high input ®elds. When asked to list important weed species in their area, farmers in our survey mentioned only 15 species in total. Ninety per cent of the interviewed farmers in the lowlands ranked P. hysterophorus as the most important weed while 86% of the farmers in the highlands ranked Digitaria abyssinica highest (Table 2) . Cyperus spp. were mentioned frequently by farmers at all altitudes. The latter is a weed taxon of almost world-wide distribution (HaÈ¯iger et al., 1982) while Digitaria abyssinica is geographically restricted to eastern parts of the African continent and Sri Lanka (Hedberg & Edwards, 1995) . Would it have the potential to become a serious weed elsewhere if introduced to new areas?
Though some weeds, such as Striga hermonthica (Del.) Benth., Striga asiatica (L.) Kuntze, Argemone ochroleuca and Xanthium spinosum, had low frequency (Appendix 1), they were considered to be problematic weeds by farmers (Table 2) . Thus, high frequency does not indicate the economic or sociological importance of a weed species, as some weeds have other uses, such as feed for livestock, which can be especially important in the lowlands.
Three parasitic weeds (Striga hermonthica, Striga asiatica and Orobanche spp.) were recorded in the survey. The two Striga species were the most problematic in some parts of Gelemsso in west Hararge and in most parts of Fedis in east Hararge. Farmers in Gelemsso where Striga spp. occurred were forced to abandon growing sorghum and maize due to the plant parasite, while farmers in Fedis used intercropping sorghum and/or maize with groundnut to reduce the infestation.
Weed community analysis
The pCCA ordinated the weed data in relation to the environmental variables. The ®rst canonical axis, as well as all canonical axes, were highly signi®cant (P < 0.01 in both Monte Carlo Permutation tests; 199 permutations under the reduced model), indicating a strong relationship between the species and the environmental variables considered. The variation in weed species composition was related to 23 environmental and crop management variables and the species and environmental correlation in the ®rst and second axis was 0.92 and 0.85 respectively. The ®rst two ordination axes explained 49.9% of the total variance in the weighted averages for percentage cover of the species with respect to the environmental variables (Table 3) .
Although all the taxa were included in the analyses, only the most abundant (i.e. total cover) and important species are illustrated in Fig. 2 (n 40) and Fig. 3 (n 49) . The ®rst ordination axis (k 1 0.497; Fig. 2 ) extracted by the pCCA was most closely associated with altitude as indicated by the high interset correlation of 0.866 (Table 3) . Thus, the ®rst axis clearly structured highland and lowland weed species. Galinsoga parvi¯ora, Bidens pachyloma (Oliv. & Hiern.) Cuf., Medicago polymorpha L. and Erucastrum arabicum Fisch & Mey were typical highland species, while P. hysterophorus, Boerhavia erecta L., Portulaca oleraceae L., Xanthium abyssinicum Wallroth, Tribulus terrestris L. and Euphorbia heterophylla L. were typical lowland species. However, altitude represents a complex gradient and in¯uences other environmental and crop management variables. As a result, high rainfall, sloping topography and early planting had strong and positive association with altitude (Fig. 2) .
The second ordination axis (k 2 0.326; Fig. 2 ) most clearly distinguished species of sandy soil as indicated by the high interset correlation of 0.634 (Table 3) . Acanthospermum hispidium DC., Ocimum basilicum L., Cleome monophylla L. and Oxygonium sinuatum (Meissn.) Dammer were the weed species mainly associated with sandy soils, where groundnut crop and sorghum/ groundnut intercrop are most common (Fig. 2b and Table 3 ). Fields on clay and intermediate soil types were relatively similar in species composition. Typical weeds for lowlands, where sorghum crops prevailed, were P. hysterophorus, Euphorbia heterophylla, Launea cornuta (Oliv. & Hiern) C. Jerey and Euphorbia hirta L. This supports the notion that soil type structures regional weed¯oras (e.g. Dale et al., 1992; Hallgren et al., 1999) .
Several of the most frequent species, such as Digitaria abyssinica, Tagetus minuta L., Commelina benghalensis and Datura stramonium L. were located near the origin of the ordination diagram (Fig. 2) indicating their ability to thrive under very diverse agro-ecosystems. This is also an indication that they may become serious weeds in other situations into which they could potentially be introduced to. Rare species, such as Schkuhria pinnata (Lam.) Thell., Kohautia spp., Barleria eranthemoides R. Brown and Antirrhinum orontium L. (not shown in Fig. 2) , were on the edge of the ordination diagram, which could be due either to their preference for relatively extreme environmental conditions, or to a few recordings that by chance occurred at sites with extreme conditions. Therefore, rare species were down-weighted in the analyses and they are not shown in the ordination ®gures.
Among the environmental variables considered, number of ploughings before planting and maize/bean intercrop had a short arrow and a centroid near the origin, respectively (Fig. 2) well as low interset correlations (Table 3) . Consequently, they were less important in explaining the variation in weed species.
Parthenium hysterophorus
Parthenium hysterophorus was the second most abundant species on crop land (Appendix 1), despite being rare at high altitudes, and was perceived as one of the most troublesome weeds (Table 2) within only 20 plant generations from its introduction. From the interviews conducted during the study, farmers in east Hararge, Jijiga and Dire Dawa generally believed that P. hysterophorus was introduced into their area during the Ethiopian±Somalian war of 1976±77 by army vehicles, while farmers in west Hararge had dierent views on its introduction such as with grain, livestock and road construction (Table 4, unpubl. data), indicating its likely secondary dispersal from east Hararge. Of the 148 farmers interviewed, 93% in the lowlands, 82% in the mid-altitudes and 35% in high altitudes were aware of the problem of P. hysterophorus in crop lands and/or grazing areas. Of the farmers who were aware of the species, 93% in the lowland and 67% at mid-altitudes considered P. hysterophorus to be the most important weed both in crop lands and grazing areas. In the highlands almost all farmers considered it only as a roadside weed. These ®gures show that this weed is currently more important at low and mid-altitudes than at high altitudes. However, as reported by Haseler (1976) the initial occurrence of P. hysterophorus in a new area usually occurs along roadsides and it is from this foothold that it spreads extensively into agricultural land. We therefore believe that it has the potential to become a serious weed on arable land even in the highlands. No bene®cial aspects of this weed were reported by the interviewed farmers.
The pCCA with density of P. hysterophorus as the sole environmental variable showed that Corchorus trilocularis L., Blepharis ciliaris L., Striga hermonthica, Euphorbia heterophylla, Euphorbia hirta, Boerhavia erecta and Portulaca oleraceae were positively associated with a high density of P. hysterophorus (Fig. 3) . In contrast, Galinsoga parvi¯ora, Medicago polymorpha, Cyperus esculentus L., Amaranthus hybridus L., Polygonum nepalensis Spreng., Sonchus asper (L.) Hill and Rumex bequaertii De Wild were typical of ®elds lacking P. hysterophorus. The most frequent species such as D. abyssinica, C. rotundus, C. dactylon and T. minuta were located near the origin of the pCCA score, indicating a potential inertness to competition by P. hysterophorus.
Conclusions
This survey has ranked the most abundant and troublesome weed species in small-scale farms in eastern Ethiopia ± information that is vital for setting research and development priorities concerning weed management. Furthermore, it has documented the current distribution of the recently introduced P. hysterophorus, a species that has spread rapidly and now aects the livelihood of numerous small-scale farmers. 
